Root-associated microbes are critical to plant health and performance, although understanding of 21 the factors that structure these microbial communities and theory to predict microbial 22 effect of rootstock genotype on bacterial communities. The endosphere-rhizosphere compartment 34 and study site explained a high percentage of the differences among bacterial communities. 35
assemblages are still limited. Here we use a grafted tomato system to study the effects of 23 rootstock genotypes and grafting in endosphere and rhizosphere microbiomes that were 24 evaluated by sequencing 16S rRNA. We compared the microbiomes of nongrafted tomato 25 cultivar BHN589, selfgrafted BHN589, and BHN589 grafted to Maxifort or RST-04-106 hybrid 26 rootstocks. OTU-based bacterial diversity was greater in Maxifort compared to nongraft controls, 27 whereas bacterial diversity in the controls (selfgraft and nongraft) and the other rootstock (RST-28 04-106) was similar. Grafting itself did not affect bacterial diversity; diversity in the selfgraft 29 was similar to the nongraft. Bacterial diversity was higher in the rhizosphere than in the 30 endosphere for all treatments. However, despite the lower overall diversity, there was a greater 31 number of differentially abundant OTUs (DAOTUs) in the endosphere, with the greatest number 32 of DAOTUs associated with Maxifort. In a PERMANOVA analysis, there was evidence for an 33 Introduction 6 functional species might drive some ecological functions and failure to select for microbial 102 associates that are antagonistic to pathogens could result in lower host fitness (39, 40) . Together 103 these findings indicate that microbiomes can modulate host traits and disease phenotypes and 104 suggest the potential to design agricultural practices to manipulate microbiomes in microbiome-105 focused crop-improvement programs (23, 24). 106
Our project addresses central questions about how grafting and the choice of tomato 107 genotype may affect the tomato rhizobiome. Although tomato grafting is a fairly new practice 108 among farmers in the USA, it is an ancient propagation practice in agriculture, commonly used 109 in vegetable production. In the case of tomato, interspecific rootstocks, where rootstock and 110 scion belong to different species of Solanum, generally have a rootstock resistant to soilborne 111 diseases (e.g., Fusarium wilt, Verticillium wilt, bacterial wilt, and root-knot nematodes) grafted 112 with a scion that produces higher quality fruit (41) (42) (43) . Soilborne pathogens are difficult to 113 manage and can result in up to 90% yield loss (44) . In addition to the effectiveness of grafted 114 plants in managing soilborne diseases, grafted plants are often more vigorous and more efficient 115 in nutrient uptake and resource utilization, as well as resistant to abiotic stresses (45-48). Thus, 116 plants grafted with effective and vigorous rootstocks often provide higher fruit yield and plant 117 biomass (49, 50). These phenotypic traits of grafted plants appear to be influenced in part by 118 modification of the scion through migration of molecules such as proteins, mRNA and small 119 RNA from rootstocks to scion (51-53), or by epigenetic modifications (54, 55). Restriction of 120 pathogen migration in resistant rootstocks due to pit membrane architecture (56) and the mobility 121 of nucleic acids and proteins (51, 52) are among the physiological and molecular responses of 122 grafted plants during infection. In our study we address how hybrid rootstocks affect the tomato 123 rhizobiome, and directly assess the role of rootstock genotypes and grafting (or artificial 7 selection/breeding) on the rhizobiome. Given the great potential of microbes in plant health and 125 production, and the economic value of grafted tomato, understanding how grafting and rootstock 126 treatments modulate root-associated microbial diversity and community composition will lay the 127 groundwork for future microbiome-based systems with rootstocks supporting higher plant 128 biomass and fruit yield. Further, identification of microbes associated with desirable host traits is 129 a first step to select candidates for synthetic microbiomes. 130
In this study, we evaluated the effects of rootstocks on tomato rhizobiomes in 131 Midwestern (Kansas, USA) growing conditions. We characterized and compared the 132 composition and diversity of bacterial communities associated with tomato rootstocks by 133 sampling the rhizobiome -microbes within roots (in the endosphere) and surrounding the root (in 134 the rhizosphere). Based on the previous studies of microbial communities in related systems that 135 we review above, our expectation was that : (i) effective rootstocks, defined in terms of fruit 136 yield and plant biomass, will be associated with higher microbial diversity, (ii) differences in 137 microbiome composition will be greater in the endosphere than in the rhizosphere, (iii) the 138 number of taxa responsive to rootstock genotypes (OTUs whose proportion is different than in 139 the nongraft and selfgraft controls) will correlate with rootstock performance, and (iv) responsive 140 taxa will be more frequent in the endosphere than in the rhizosphere. In total, we address the 141 effect of: (i) an agricultural practice (grafting), (ii) rootstock genotypes, (iii) farm sites, and (iv) 142 root compartment (rhizosphere or endosphere) on microbial community composition and 143 diversity. 144
MATERIALS AND METHODS 145

Rootstocks and experimental design 146
Plants sampled for this analysis were part of a larger study of grafted tomato plant yield. The 147 main objectives of the larger study were to identify rootstocks that are more productive in 148 Midwestern (Kansas, USA) growing conditions, and to evaluate the effects of rootstocks on the 149 rhizobiome (57). Plants sampled for rhizobiome analyses included three rootstock genotypes 150 (BHN589, RST-04-106, and Maxifort) representing four different treatments: 1) nongrafted 151 BHN589 plants; 2) self-grafted BHN589 plants (plants grafted to their own rootstock); 3) 152 BHN589 grafted on RST-04-106; and 4) BHN589 grafted on Maxifort. The choice of BHN589 153 as scion was primarily based on the popularity of BHN589 for its high fruit yield and quality and 154 long shelf life. We selected Maxifort because it is a common and popular rootstock, and RST-04-155 106 as a new rootstock variety based on breeders' recommendations. In the initial field trials that 156 evaluated rootstock performance, plants grafted with Maxifort had higher yield and biomass, 157
whereas the performance of plants grafted with RST-04-106 was similar to the nongraft and 158 selfgraft controls (Meyer 2016) . More information about these rootstocks and their potential 159 disease resistance profiles is available in a USDA resource database 160 (http://www.vegetablegrafting.org/resources/rootstock-tables/tomato-rootstock-table/), and also 161 listed in Table S3 . 162
We established field trials at the Olathe Horticulture Research and Extension Center 163 (OHREC) and in collaboration with local farmers at Common Harvest Farm and Gieringer's 164
Orchard (Table 1) . At each of three study sites the four graft treatments were assigned to four 165 plots per block in a randomized complete block design. Each plot consisted of 5-8 plants, and 166 one of the middle plants from each plot was sampled for the rhizobiome characterization. The 167 number of blocks varied from one study site to another depending on the area available for 168 growing tomato. There were six blocks at the OHREC and four at each of Gieringer's Farm and management. However, at each study site, the blocks were randomly assigned separately for each 172 of the two years. 173
Tomato grafting and high tunnel production 174
Tomato plants were grafted in-house using a tube-grafting technique. Details about the grafting 175 and post-grafting management are available in Meyer (2016) . Briefly, young seedlings (9-12 176 days old) of the scion and the rootstocks were grafted and kept in a healing chamber (dark with 177 high relative humidity: 85-95%) for an additional seven days to facilitate the healing process. 178
Darkness minimizes photosynthesis and high humidity prevents the scion from wilting by 179 maintaining sufficient turgor pressure. Healed plants were transferred to full sunlight in a 180 greenhouse for a week and then transplanted to high tunnels. 181
All our experiments were conducted in high tunnels, a popular system for tomato 182 production. A high tunnel is an unheated greenhouse, covered with plastic or acrylic glass 183 (plexiglass) with partial ventilation on the sides, and is a relatively new production system 184 among small-scale farmers in the Midwest. High-tunnel production systems protect crops against 185 biotic and abiotic stresses, extend the growing season, and improve fruit quality and yield (58) . 186
Details about the high tunnel design and management used in our experiments are provided by 187 Meyer (2016) . 188
Endosphere and rhizosphere sample preparation 189
To evaluate microbial communities at the most productive phase of tomato plant development, 190 we sampled during the peak harvest. From each plot, one of the middle plants was carefully dug 191 such that the majority of roots were intact. The intact root mass was shaken ten times to dislodge 192 bulk soil and placed on top of a marked-sampling grid to randomly select four roots, each about 193 10-12 cm in length ( Fig. 1) . In most plants, we sampled mainly secondary roots, with few 194 primary roots. In other words, we sampled only roots ~ 1-2 mm in diameter, as these higher 195 order lateral roots are the active organs of nutrient absorption, exudation, and bacterial 196 colonization (59-61). Each root piece was transferred to an individual sterile 15 ml falcon tube 197 (i.e., one piece per tube, and four tubes per plant) containing 10 ml 0.1% Triton-X solution, 198 stored on ice in a cooler, and transported back to the lab within 6 hours, then stored overnight at 199 4°C. On the following day, roots were sonicated for 10 minutes at high intensity in an ultrasonic sequencing. The Luer Lock filter-holders were cleaned with 10% bleach, rinsed with deionized 213 water, and autoclaved after each run to prevent cross-contamination between samples. 214
DNA extraction and amplicon generation 215
Total genomic DNA was extracted from both the rhizosphere and root tissue samples using a 216
MoBio Ultra clean soil DNA extraction kit (MoBio, Carlsbad, CA, USA) as per manufacturer's 217 protocol, with slight modification during the homogenization step. Due to the toughness of the 218 tomato roots, they were cut into smaller pieces using a sterile razor blade, and then homogenized 219 using stainless steel beads in a Bullet Blender (Next Advance, Averill Park, NY, USA) at 4 o C. 220
First, we ran a dry homogenization for 10 minutes, and then a wet homogenization for another 10 221 minutes in IRS and bead solutions from the extraction kit. After extraction, DNA was quantified 222 using a ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and 223 normalized to 2 ng/ul. Amplicons for the variable region V4 within the bacterial rRNA gene 224 were generated using primers: 515F -GTGCCAGCMGCCGCGGTAA and 806R-225 
Bioinformatics and OTU designation 252
The sequence data were curated using MOTHUR (Version 1.33.3 (64); following steps outlined 253 in the MiSeq Standard Operating Protocol (SOP; www.mothur.org/wiki/MiSeq_SOP). Briefly, 254 the forward and the reverse sequence reads were contiged using a default criteria as specified in 255 the SOP. Any sequence shorter than 250 base pairs or containing ambiguous bases, more than 256 eight homopolymers, more than one mismatch in primer or MIDs or missing MIDs was 257 removed. Barcoded sequences were assigned to experimental units, and fasta and groups files for 258 the endosphere and the rhizosphere libraries were merged and processed together for the 259 remaining steps in MOTHUR. The cleaned sequences were aligned against curated 16S rRNA 260 gene SILVA alignment, chimeric sequences identified using UCHIME (65) were removed, and 261 the remaining sequences were assigned to taxonomic groups using the Naive Bayesian classifier 262 (66) at 60% bootstrap confidence score against the 16S rRNA gene training set (v9) of the 263 Ribosomal Database Project (67). Sequences without known affinities or assigned to 264 mitochondria or chloroplasts were removed. Pairwise distances (less than 0.10) between aligned 265 nearest-neighbor joining algorithm. However, because of the large distance matrix, sequences 267 were split into bins by taxonomy prior to clustering into OTUs. Finally, the clustered OTUs were 268 assigned to consensus taxonomy and used in community analyses. Due to variation in the 269 sequence yield per sample over two years, we analyzed the libraries for each year separately. To 270 minimize the bias resulting from unequal sequence counts per sample, samples within each year 271 were rarified at the sequence frequency of the sample yielding the lowest count (2568 per sample 272 in 2014, and 8885 per sample in 2015). 273
Statistical analyses 274
To evaluate diversity, we calculated Shannon entropy in R (68) using the vegan package (69) 275 implemented as a part of the phyloseq package (70). The observed Shannon entropy was 276 compared among rootstock treatments using a mixed ANOVA model in the lme4 package (71) in 277 R. Rootstock treatments were compared using study sites as a random factor. Differences in the 278 bacterial communities across rootstocks, compartments and study sites were visualized in non-279 metric multidimensional scaling (NMDS) plots based on the Bray-Curtis dissimilarity matrix. 280
The observed variation in the bacterial community was partitioned using a permutational 281 multivariate analysis of variance (PERMANOVA, at 1000 permutations) using the adonis 282 function in the vegan package. To identify the OTUs that were depleted or enriched as a function 283 of rootstock treatments, differentially abundant OTUs (DAOTUs) were evaluated by fitting a 284 generalized linear model (GLM) with a negative binomial distribution. Likelihood ratio tests and 285 contrast analyses were performed on the fitted GLM to identify DAOTUs. We used OTU counts 286 from selfgrafts and nongrafts as controls, and compared them with other rootstocks in a contrast 287 analysis. All the tests were adjusted to control for the false discovery rate (FDR, p value < 0.05) 288 using the Benjamini-Hochberg method. Similarly, a differential abundance test was performed 289 comparing the controls (selfgraft vs. nongraft) to identify the OTUs responsive to grafting. 290 General community profiles were constructed using OTUs labeled at the phylum level, split by 291 rootstocks and compartment (endosphere or rhizosphere) and visualized in a bar graph. 292
Accession number(s) 293
All sequence data generated in this study will be deposited in the NCBI Sequence Read Archive 294 depository. 295
296
Results 297
General bacterial community data description 298
The final curated dataset consisted of 1,282,843 sequences from the endosphere-and 299 rhizosphere-associated bacterial communities in tomato. The bacterial communities were 300 dominated by Proteobacteria (37.9%), which was the most abundant phylum across all the 301 rootstock treatments and in both the rhizosphere and endosphere (Fig. 2, Fig. 1S , Table S2 ). 302
Approximately 14.5% of the sequences in the dataset were unclassified at the phylum level. 303
Among the rootstocks, the selfgraft had the highest percentage of Proteobacteria (39.0%). 304 Actinobacteria (16.9%) and Firmicutes (8.9%) were the other dominant phyla observed in the 305 overall community. Firmicutes and Planctomycetes were enriched in the hybrid rootstocks 306 compared to the nongraft and selfgraft, whereas the Bacteriodetes were depleted in the hybrid 307 rootstocks. At the class level, the communities were largely dominated by α-proteobacteria 308 (18.5%). The class Sphingobacteria was found at a lower percentage in the hybrid rootstocks 309 than in the selfgrafts and nongrafts. Bacteria of class γ-proteobacteria (6.9%) were less dominant 310 in the Maxifort rootstock, compared to other rootstocks. Rhizobiales (13.8%) was the most 311 dominant bacterial order in the overall community, including all rootstock treatments and both 312 compartments. Bacillales were more frequent in Maxifort (7.2%) than in RST-04-106 (6.8%), 313 selfgraft (6.4%), and nongraft (6.2%). At the family level, Planctomycetaceae were more frequent in Maxifort and RST-04-106 (7.4%) than in nongraft (6.9%) and selfgraft (7.0%) 315 treatments. Taxa in the order Myxococcales were more frequent in Maxifort (2.6%) than in the 316 other rootstocks. Analysis at the genus level revealed Pasturia spp. as the most dominant taxa in 317 the overall community, as well as in Maxifort. Comparison of community profiles of bacteria 318 between the endosphere and rhizosphere showed that Proteobacteria, Actinobacteria, and 319
Bacteriodetes were more abundant in the endosphere than in the rhizosphere, whereas 320
Planctomycetes, Firmicutes, and TM7 were more abundant in the rhizosphere. 321
Effects of grafting and rootstock on α-diversity 322
There was strong evidence for a rootstock treatment effect on the diversity of bacteria in the 323 endosphere and rhizosphere compartments of tomato plants (p < 0.01). Among the four 324 treatments, plants grafted with the Maxifort rootstock had the highest diversity compared to 325 selfgrafted and nongrafted plants in both the endosphere and the rhizosphere in 2014 (p < 0.05; 326 Fig. 3 ). In 2015 we observed similar results with the highest diversity in the Maxifort-grafted 327 plants for both the compartments; however, there was less evidence (p = 0.1) for a difference 328 between the selfgraft and the Maxifort-grafted treatments in the endosphere (Fig. 3) . The effect 329 of RST-04-106 on bacterial diversity was similar to that of the nongraft and selfgraft treatments 330 (p > 0.05). Additionally, there was not evidence for a difference between the selfgrafted and the 331 nongrafted plants in the endosphere (p = 0.9) or in the rhizosphere (p = 0.2). When the effect of 332 rootstock treatments (a fixed effect) on bacterial diversity was evaluated for each compartment, 333 study site, and year separately in a factorial design, the effects of rootstocks varied (Table S1) , 334 though there was never strong evidence for an interaction between rootstock treatments and 335 study sites (p > 0.05). 336 
Effects of grafting and rootstock on bacterial composition
Comparison of DAOTUs 351
Bacterial diversity and community composition in the tomato endosphere and rhizosphere 352 differed among rootstock treatments. To identify taxa that responded to rootstocks, we used a 353 differential abundance test. Although we consistently observed higher α-diversity in the 354 rhizosphere than in the endosphere, the total number of DAOTUs, either enriched or depleted, 355 was greater in the endosphere (n=56) than in the rhizosphere (n=15; Fig. 5 ). The analysis of 356 contrasts designed to compare OTU proportion to controls (nongrafts and selfgrafts) found a 357 higher number of responsive taxa in Maxifort in both the endosphere (n=41) and rhizosphere 358 (n=13). Enriched OTUs in the Maxifort rhizosphere included OTUs assigned to the following Leuconostoc sp. in Firmicutes, and three unclassified OTUs (Fig. 5) . In contrast, depleted OTUs 361 in the rhizosphere included OTUs assigned to following taxa: two in the TM7 group, two in 362 Proteobacteria, and two that remained unclassified. OTUs such as Methlophaga sp. host genotypic effects on microbiome composition; the effects of host genotype on microbiome 386 composition remain poorly understood, but the host effect has generally been smaller than the 387 effect of environmental and edaphic factors (7, 72) . Consistent with these published results, 388 tomato rootstocks explained only roughly 3% of the compositional variation in the bacterial 389 community, whereas there was strong evidence that the compartment (endosphere vs. 390 rhizosphere) and the study site explained a major portion of the variation (25-28% and 17-20%, 391 respectively). The magnitude of the effect of host genotypes has been similar in other studies. 392
For example, a study evaluating six different rice genotypes found that only 1.5-2.5% of 393 community composition variation was attributable to rice genotype (22). However, it is 394 important to keep in mind that variation in taxonomic composition may not be strongly reflective 395 of variation in function; plant genotypes may have substantial effects specifically on microbial 396 taxa that are particularly important to plant health. 397 Differential abundance tests of OTUs across treatments found a greater number of 398 responsive taxa in Maxifort than in the other rootstocks. Interestingly, the endosphere had a 399 greater number of responsive OTUs than the rhizosphere, while α-diversity was higher in the 400 rhizosphere, corroborating the results from grafting studies with grapevine rootstocks (72) . We 401 expected that hybrid rootstocks would have higher diversity as well as more DAOTUs than the 402 control treatments, and this was the case for Maxifort compared to the nongraft control 403 (BHN589), but not for the other hybrid rootstock, RST-04-106. Note that the RST-04-106 404 rootstock also had lower performance in terms of yield and biomass in our field trial (57), 405 consistent with the idea that bacterial diversity and host performance may be associated with 406 graft performance. 407
Earlier agricultural microbiome studies have primarily focused on how a particular 408 management strategysuch as organic versus conventional farming (73, 74) or tillage practices 409 (75, 76)influence soil microbial communities, and rarely incorporate host genotypic effects 410 and their interaction with agricultural practices. Using tomato as a grafting model, our study 411 provides a new perspective on the effects of host genotype on microbial communities. Our 412 results for microbial diversity and composition suggest that grafting with specific rootstocks 413 influences microbiome assembly as well as yield and biomass. Our studies included only two 414 hybrid rootstocks and one scion (BHN589), so research including more rootstocks and scions 415 along with hybrid rootstock specific selfgraft and nongraft controls would help to generalize 416 these results. Given the economic importance of grafted tomatoes, and the need to develop 417 sustainable production systems, our findings indicate new opportunities for improving 418 microbiome-based practices in agriculture. 419
The rootstocks included in our study represent different genetic backgrounds and are 420 specifically bred to provide resistance to multiple soilborne diseases (Table S3) Root architecture and anatomy change to mediate plant responses to biotic and abiotic 447 stresses (92-94), and can vary within and between plant species and genotypes (59, 95). If we 448 learn the extent to which host genotypes affect root architecture and physiology, such as 449 exudation, then we may also understand the potential mechanisms by which host genotypes 450 control microbiomes via metabolites and exudates (82, 83). Genotypic variation in root traits and 451 functions selects for different microbial communities, by modulating the quality as well as the 452 quantity of root exudates and by modifying the physical and chemical properties of the surrounding soil environment (96). For instance, a greater root mass with more abundant fine 454 roots was reported for Maxifort, along with greater arbuscular mycorrhizal colonization (97). We 455 did not evaluate root architecture in our experiments, but future studies of microbial diversity for 456 root types (e.g. primary roots, secondary roots, root hairs) and the effects of root exudates will 457 help to clarify the process of microbial acquisition by rootstock genotypes. 458
Previous studies in our experimental system (57) and other grafted tomato systems (50, 459 98, 99) have indicated that tomatoes with effective rootstocks gain greater aboveground biomass 460 and have higher overall photosynthetic activity, a result often attributed to the root system. This 461 aboveground gain increases the total leaf area, likely resulting in a greater supply of 462 photosynthates belowground. Translocation of fixed carbon from shoots to roots may allow plant 463 roots to actively recruit and sustain diverse microbiomes (100). It is generally accepted that 30-464 60% of plant photosynthate is transported belowground, much of which (40-90%) is excreted 465 into the rhizosphere, supporting diverse root-associated microorganisms (101, 102). Thus, the 466 higher microbial diversity observed in the rhizosphere of plants grafted with the Maxifort 467 rootstock may be a result of its vigorous root system (97), resulting in greater shoot biomass as 468 well. Grafting may provide a boost in the continuous feedback between the aboveground and 469 belowground compartments, and consequently greater investment of the photosynthetic capital in 470 recruiting diverse microbial communities. 471
Using differential abundance tests, we identified OTUs that were sensitive to the 472 rootstock treatments. These OTUs were either enriched or depleted in contrast to the controls, 473 and potentially represent taxa that were under direct selection by rootstocks and their chemical 474 cues. We expected there would be a higher number/percentage of responsive OTUs (or results from other studies (22, 72) . More DAOTUs in the endosphere relative to the rhizosphere 477 might be a consequence of direct host control in the endosphere microbiome (103, 104) . In 478 addition to the compartment-specific effect on the number of sensitive taxa, it was interesting to 479 observe the higher number of sensitive OTUs in Maxifort compared to the other treatments. The 480 results are consistent with the expectation that enhanced host performance is associated with an 481 increase in responsive taxa. Responsive taxa could be important for host performance, as 482 differentially abundant taxa are often functionally associated with host physiology and immune 483 system (78, 105). However, many of the responsive taxa in this study are unclassified, and may 484 be unculturable. Future experiments are needed to evaluate the influence of DAOTUs on host 485
phenotypes. 486
Taxa that were enriched in Maxifort included representatives of Firmicutes, 487
Verrucomicrobia, Planctomycetes, Proteobacteria and Acidobacteria. We observed significant 488 depletion of TM7, also known as Candidatus Saccharibacteria, in the rhizosphere of Maxifort. 489 TM7, previously reported as an antagonist to the antibiotic-producing Actinobacteria (106), can 490 also be involved in suppressing host immune systems, and causing disease (107-109). The 491 observed proportion of Actinomycetes was two-fold higher in both the Maxifort endosphere and 492 rhizosphere compared to TM7 (p < 0.001 in both cases, Mann-Whitney-Wilcoxon test). It is 493 possible that the productivity of Maxifort is due, in part, to selection for antibiotic-producing 494 bacteria that are detrimental to pathogenic bacteria. Further studies with taxa identified in this 495 study would be necessary to evaluate this hypothesis, especially in the presence of the relevant 496 pathogens. Note that we did not observe any obvious disease symptoms in our experiments. 497
Under disease pressure, greater effects of rootstock treatments on g microbiomes would be 498
likely. 499
The other OTUs enriched for Maxifort in DAOTU analysis included members of 500
Planctomycetes. Members of this phylum are efficient cross-feeders of exopolysaccharides 501 (EPS), commonly found with nitrogen fixing bacteria (110), and in environments rich in organic 502 matter and nitrate (111). In addition, some members of Planctomycetes are highly tolerant of 503 environmental stressors such as seawater, acidic peat bogs, hot springs, and low temperatures 504 (112-114). Among the other phyla that were enriched were Proteobacteria, which include many 505 important plant-growth promoting (PGP) organisms, but note that some of the OTUs from 506
Proteobacteria were depleted as well, especially Halomonas sp. and Shinella sp. This analysis 507 also identified some oligotrophic groups in Verrucomicrobia that have been reported in 508 association with pre-agricultural tallgrass prairie soil (115). Past studies have found a decline in 509
Verrucomicrobia with nutrient amendments (116), while they were dominant and functionally 510 active in undisturbed soil with recalcitrant carbon compounds (115, 117). Many of rhizobiome 511 taxa in our study currently lack information about biological function, pointing out the need for 512 further development of culturing methods, along with experiments to test biological functions, to 513 support the design of synthetic communities in microbiome-based crop production. 514
Conclusions 515
Multiple factors define the structure and function of plant-associated microbiomes. 516
Understanding these factors and their control of plant microbiome assembly will support future 517 strategies to augment specific microbes for crop production and disease management. Our 518 studies of a grafted tomato system found evidence for a small contribution of rootstocks in 519 determining the microbial community. The effect attributable to plant compartment (endosphere 520 vs. rhizosphere) was 9-10-fold greater, whereas the effect of study site was 6-7 fold greater than 521 the rootstock effect. We also identified microbes specific to rootstock treatments. Further study 522 of select microbes could help to identify candidate taxa for synthetic communities. In the long 523 term, identifying specific plant alleles/genes that correlate with target microbial taxa can inform 524 plant breeding to meet goals beyond fruit traits and yield, perhaps including means to facilitate 525 low-input sustainable agriculture through plant-mediated selection of desirable microbiome 526 components. These observations of how rootstock treatments, environment, and plant 527 compartment (endosphere vs. rhizosphere) can structure microbial communities help to lay the 528 groundwork for the development of designer communities and microbiome-based breeding to 529 improve crop production. 
